The emission characteristics of polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) were evaluated from a grate-type municipal solid waste incinerator(MSWI). The stack flue gas, fly ash and bottom ash samples were sampled and analyzed. Results indicated that the flue gas, fly ash and bottom ash presented their mean dioxin levels of 0.0723 ng I-TEQ/Nm 3 , 0.614 ng I-TEQ/g and 13.33 ng I-TEQ/kg respectively. The PCDD/Fs congener patterns, in flue gas, fly ash and bottom ash, showed large similarities in both concentration and I-TEQ profiles. The de novo synthesis plays a dominant role in the low-temperature post-combustion zone.
Introduction
PCDDs (Polychlorinated Dibenzo-p-dioxins) and PCDFs (Polychlorinated Dibenzofurans) are commonly known as dioxins that could originate from different sources, including waste incinerations, forest fires, vehicles and even cigarette smoking. According to the different level of chlorination and positioning of chlorine atoms, there exist different kinds of congeners. After PCDD/Fs were discovered in the flue gases and fly ash of municipal waste incinerators (MSWs) in 1977 [1] , much work has been conducted to investigate the possible routes and mechanism leading to the formation of PCDD/Fs in MSWs due to their toxicological effects and associated adverse health implications. Currently, three mechanisms for PCDD/F formation have been proposed: (1) the high temperature homogeneous gas-phase formation (500-700 °C) [2] ; (2) the transformation of precursors similar to PCDD/Fs structurally, such as chlorophenols, polychlorinated diphenyl ethers, and chlorobenzens [3] ; (3) the de Novo synthesis occurring in low temperature post combustion zones (200-400 °C). Many studies showed that PCDD/Fs were mainly formed by de novo mechanism that is in the low-temperature post-combustion zone of incinerators through some heterogeneous catalytic reactions that occur in the flue gas-fly ash environment [4, 5] . Everaert and Baeyens [6] supported the dominant role of the de novo synthesis through the analysis of PCDD/Fs profiles from large scale thermal processes in general and MSWI in particular. They observed that the PCDF/PCDD ratio exceeded 1 and the degree of chlorination points towards the dominant presence of HpCDD and OCDD within the dioxin group, and of PeCDF, HxCDF and HpCDF within the furan group.
At present, many negative reports on adverse health effects associated with dioxin exposure and MSWIs make people apprehend the dioxins from MSWIs. As a result, it is greatly essential to assess the real situation of dioxin emissions from all by-products derived from a modern MSWI. there is limited analysis of dioxin characteristic profiles from different components constituting the dioxin outputs in a modern MSWI in China. Therefore, the main objective of this study was to present characterization of dioxin from large-scale MSWI.
In this study, PCDD/F concentrations in different output samples (flue gas, fly ash and bottom ash) of the selected MSWI were measured and compared to deduce PCDD/Fs emission status in China. The corresponding congener profiles of 2,3,7,8-substituted PCDD/Fs were also presented and compared.
Materials and Methods
Sampling procedures. The investigation was carried out in a grate-type incinerator located in the south of China. The capacity of the MSWI is 1200 tons per day. The MSWI consists of three identical incinerating units, each with its own heat recovery system, semi-dry scrubber (SDS), activated carbon injection (ACI), and bag filter (BG). Figure 1 shows the flow sheet and sampling site of the incinerator. Samples were collected three times in the stack flue gas fly ash and bottom ash sampling sites, respectively and the average value was determined from the three values for PCDD/Fs.
The PCDD/Fs samples were sampled isokinetically and sampling time was 120-180 min, according to the American Standard Method EPA 23A. Before sampling of flue gas, the 13 C 12 -labelled sampling standards were spiked to Amberlite XAD-2 resin. For obtaining representative ash samples, the bottom and fly ash samples were collected simultaneously every hour during flue gases sampling to reach a total of 2 kg. Analytical procedures. For PCDD/Fs, the samples were concentrated by a rotary evaporator after Soxhlet extraction with 250 mL toluene for about 24 hr, and then the 13 C 12 -labeled PCDD/Fs internal standards were spiked into the extracts. The clean-up procedure for PCDD/Fs analysis was performed with two columns: sulfuric acid/multi-layer silica gel column and basic alumina/florisil column. Prior to injection, 13 C 12 -labeled PCDD/Fs injection internal standards were added to the corresponding fractions for calculation of the recovery rate. The analytical procedures were reported previously. [7] [8] [9] HRGC/HRMS analysis. Analysis was carried out by using high resolution gas chromatograph coupled with high resolution mass spectrometer (HRGC/HRMS). For HRGC, a 6890 Series gas chromatograph (HP, USA) equipped with a DB-5 ms (J&W Scientific, USA) fused-silica column (60 m, 0.25 mm i.d., 0.25 µm film thickness) was used to analysis of PCDD/Fs. One µL of sample was injected in a splitless mode at an injector temperature of 280 °C. The temperature programme was: from 140 °C (2 min) to 220 °C at 8 °C/min, then at 1.4 °C/min to 310 °C and held for 5 min. For HRMS, an Autospec Premier (Waters, USA) mass spectrometer with a positive electron impact (EI+) source was employed. The ion source was operated at 300 °C, the electron energy was 35 eV, ion accelerating voltage was 7.9 Kv and the mass spectrometer was tuned to a mass resolution of 10000. And all data were acquired in the selected ion monitoring (SIM) mode.
The analytical recoveries were 68.4%-129.8% Laboratory method blanks were run for each batch of samples. The international toxic equivalency quantity (I-TEQ) was calculated using the international toxicity equivalency factor (I-TEF). Table 1 lists the PCDD/F concentrations measured in the stack flue gases, fly ashes and bottom ashes of the MSWI, in terms of total values and I-TEQ, respectively. The stack gas presented mean levels of 0.0723 ng I-TEQ/Nm 3 , below the international emission standard limit established by the European Union Directive of 0.1 ng I-TEQ/Nm 3 . Meanwhile, it was also much lower than those reported by the previous studies [10, 11] . Fly ash samples presented mean levels of around 0.614 ng I-TEQ/g, which meets the environmental quality standards for soil (less than 1 ng I-TEQ/g ) in Japan Ministry of the Environment, similar to the values of MSWI in China [12, 13] and some other countries [14] . However, the mean dioxin content from the bottom ash was 13.33 ng I-TEQ/kg, lower than that reported by Chen et al. [15] (Taiwan: 16.2-52.3 ng I-TEQ/kg), Abad et al. [16] ( Spain: 20-30 ng I-TEQ/kg), and Kim et al. [17] (Korea:91 ng I-TEQ/kg). By the way, it is much lower than that in the fly ash as well. These results indicate that a high amount of dioxins are transferred into fly ash in the process of semi-dry lime scrubbing and bag filtration coupled with ACI adsorption for dioxins. The congener profile of PCDD/Fs is often referred to as 'fingerprint' or 'signature'. Fingerprinting of dioxins has been extensively employed in source identification, atmospheric transport and transformation studies as well as formation mechanism elucidation. Figs. 1-2 show average congener-specific 2,3,7,8-PCDD/PCDF distributions in stack gas, fly ash, and bottom ash samples in concentration and I-TEQ units. As shown in Fig. 1-2 , large similarities could be presented in both concentration and I-TEQ profiles. In terms of concentration,, it can be observed that as the chlorinated-level increases, the concentration of the 2,3,7,8,-PCDD congener increases, but the concentration of the 2,3,7,8,-PCDF congener presents irregularities. For PCDDs 1,2,3,4,6,7,8-HpCDD and OCDD are the predominant congeners, whereas for PCDFs 2,3,4,7,8-PeCDF, 2,3,4,6,7,8-HxCDF, 1,2,3,4,6,7,8-HpCDF and OCDF are the major congeners. These profiles are in accordance with emission patterns reported for MSWI [11, 18, 19] . In I-TEQ profiles, these profiles are characterized by a major content 2,3,4,7,8-PeCDF amounting to around 40%-50% of the total I-TEQ PCDD/Fs, which have been identified as the most representative of the dioxin emission during the incineration of municipal solid waste, PVC, textile waste, and sewage sludge [20] . In Table 1 , the ratios of PCDFs to PCDDs for the stack gas and fly ash are 2.02 and 1.62, respectively. These results indicate that the de novo synthesis plays a dominant role in the low-temperature post-combustion zone.
Results and Discussions

PCDD/Fs contents in the flue gas, fly ash and bottom ash from the MSWI.
